We have measured the electrical resistivity of an antiferromagnetic Kondo compound CeNiGe 3 under pressure. The Néel temperature initially increases with pressure P up to 3 GPa, then decreases rather steeply with further increasing pressure, and becomes zero at a critical pressure P c 5.5 GPa. The A and ρ 0 values of the resistivity ρ = ρ 0 + AT 2 in the Fermi liquid relation become maximum around P c , the A value attaining an extremely large value which is comparable with that in a heavy fermion superconductor CeCu 2 Si 2 . Superconductivity is found below 0.48 K in a wide pressure region from 4 to 10 GPa. The upper critical field H c2 (0) is about 2 T, indicating heavy fermion superconductivity.
In cerium and uranium compounds, the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the Kondo effect compete with each other [1, 2] . The competition between the RKKY interaction and the Kondo effect was discussed by Doniach [3] as a function of |J cf |D(ε F ), where |J cf | is the magnitude of the magnetic exchange interaction and D(ε F ) is the electronic density of states at the Fermi energy ε F . Most cerium compounds order magnetically when the RKKY interaction overcomes the Kondo effect at low temperatures. The magnetic ordering is formed by the localized-4f moments of Ce 3+ . The topology of the Fermi surface for the conduction electrons is therefore quite similar to that of the corresponding non-4f lanthanum compounds, although the cyclotron mass of the cerium compounds is typically one to two orders of magnitude larger than that of the lanthanum compounds. 5 Author to whom any correspondence should be addressed.
On the other hand, some cerium compounds such as CeCu 6 and CeRu 2 Si 2 show no longrange magnetic ordering, because the Kondo effect overcomes the RKKY interaction. These compounds are called heavy fermion compounds since they have an extremely large electronic specific heat coefficient γ : γ 10 4 /T K (mJ K −2 mol −1 ), where T K is called the Kondo temperature: T K = 5 K in CeCu 6 , for example [1, 2] . In fact, a large cyclotron effective mass of 120 m 0 was detected in the de Haas-van Alphen oscillation in CeRu 2 Si 2 [4] . Moreover, the topology of the Fermi surface in CeRu 2 Si 2 is well explained by the 4f-itinerant band model, although the cyclotron effective mass is much larger than the corresponding band mass.
Recently a new aspect of cerium and uranium compounds with magnetic ordering has been discovered. When pressure P is applied to the cerium compounds with antiferromagnetic ordering such as CeIn 3 and CePd 2 Si 2 [5] , the Néel temperature T N decreases, and a quantum critical point corresponding to the extrapolation T N → 0 is reached at P = P c . Here, |J cf |D(ε F ) in the Doniach model can be replaced by pressure. Surprisingly, superconductivity appears around P c . Moreover, a heavy fermion state is formed around P c , where the non-Fermi liquid nature is also found in some compounds. Similar pressure-induced superconductivity was reported in CeRh 2 Si 2 [6] , CeRhIn 5 [7] and UGe 2 [8] .
The crossover from the magnetically ordered state to the non-magnetic state under pressure, crossing the quantum critical point, is the most interesting issue in strongly correlated f-electron systems. We have continued studying the effect of pressure on the cerium and uranium compounds [9] . We report in the present work a change of the electronic states in an antiferromagnet CeNiGe 3 , which is tuned by high pressures up to 10 GPa. The antiferromagnetic Kondo state is changed into the heavy fermion state around a critical pressure P c 5.5 GPa and becomes a non-magnetic Fermi liquid above P c . We have found superconductivity around P c .
There are several intermetallic compounds in the Ce-Ni-Ge system [10] [11] [12] : Ce 3 Ni 2 Ge 7 (a Néel temperature T N = 7.2 K), Ce 3 NiGe 2 (T N = 6.2 K), CeNiGe 3 (T N = 5.5 K) and Ce 2 Ni 3 Ge 5 (T N = 4.8 K). Among them, the magnetic and electrical properties of CeNiGe 3 was recently clarified from electrical resistivity, magnetic susceptibility, magnetization, specific heat, neutron powder diffraction and electron diffraction experiments [11, 12] . The crystal structure is the orthorhombic SmNiGe 3 -type structure (Cmmm space group, no. 65), as shown in figure 1 . The lattice parameter along the a-axis is extremely large compared to those along the b-and c-axes: a = 21.808 Å, b = 4.135 Å and c = 4.168 Å.
The magnetic susceptibility of a polycrystal sample follows the Curie-Weiss law with an effective moment µ eff = 2.58 µ B /Ce and the paramagnetic Curie temperature θ p = −12 K. The effective moment is in good agreement with the theoretical value of Ce 3+ , 2.54 µ B /Ce. The magnetic susceptibility has a maximum at 5.5 K and decreases with decreasing the temperature, indicating a Néel temperature T N = 5.5 K. The corresponding peak in the specific heat appears at T N . The magnetic entropy at T N is estimated as 0.65R ln 2, indicating a doublet ground state of the localized 4f-crystalline electric field (CEF) scheme. The electronic specific heat coefficient γ is obtained as 34 mJ K −2 mol −1 . The electrical resistivity decreases below the Néel temperature.
On the other hand, the neutron powder diffraction experiment indicates a complicated magnetic structure. Two magnetic transitions were observed at T N = 5.9 K and T N = 5.0 K. T N is associated with a commensurate collinear antiferromagnetic structure with a propagation vector k 1 = (100), as indicated by arrows in figure 1 . The magnetic moments are oriented along the b-axis. On the other hand, T N is associated with an incommensurate antiferromagnetic structure with a propagation vector k 2 = (0 0.409 1/2). Below T N , the two magnetic structures coexist but the incommensurate structure is highly preponderant. The magnetic moment at the Ce site is determined as 0.8 µ B /Ce at 1.5 K. The present pressure experiments on the electrical resistivity of CeNiGe 3 were done by three methods. One is due to an indenter cell in the pressure range from ambient pressure to about 4 GPa in the temperature range from 2 to 300 K. Another is due to a cubic anvil cell at higher pressures up to 8 GPa in the temperature range from 2 to 300 K. The third method is due to a diamond anvil cell at pressures up to 10 GPa in the temperature range from 0.1 to 300 K. The electronic states are tuned by pressure from the antiferromagnetic state to the non-magnetic state, crossing the heavy fermion state in the critical pressure region around 5-6 GPa.
The sample was prepared by arc-melting the stoichiometric amounts of the elements with 3N-(99.9% pure) Ce, 4N-Ni and 5N-Ge under argon atmosphere. The alloy button was wrapped in a Ta-foil, sealed in an evacuated quartz tube and annealed at 800
• C for four days. The residual resistivity ρ 0 and residual resistivity ratio RRR = ρ RT /ρ 0 were 1.5 µ cm and 220, respectively, indicating a high-quality sample. There are no reports on a single crystal sample of CeNiGe 3 . We tried to grow a single crystal by the Czochralsky method in a tetra-arc furnace but did not succeed. CeNiGe 3 is believed to be an incongruently melting compound. Figure 2 shows the logarithmic scale of temperature dependence of the electrical resistivity ρ at various pressures, which was obtained by using the indenter cell. The electrical resistivity at ambient pressure has a broad hump around 100 K and also a broad peak around 8 K, and decreases steeply below T N = 5.5 K, which are the same as the previous data [13] . These are characteristic features in the cerium Kondo compound with antiferromagnetic ordering. In cerium Kondo compounds, there are two characteristic Kondo temperatures T h K and T K [14] . For CeNiGe 3 , T h K most likely corresponds to the temperature of 100 K showing the hump,which is named here T ρmax1 = 100 K, and shown by an arrow in figure 2. T K roughly corresponds to 8 K, although CeNiGe 3 orders antiferromagnetically below T N = 5.5 K. We define the temperature showing the broad resistivity peak as T ρmax2 = 8 K, as shown by an arrow in figure 2 .
With increasing pressure, the electrical resistivity increases in magnitude, and T ρmax1 shifts to lower temperatures, while T ρmax2 increases with increasing pressure, as shown in figure 2. It is, however, difficult to define T ρmax2 above 1 GPa. On the other hand, the Néel temperature increases from T N = 5.5 K at ambient pressure to 8.5 K at 3.03 GPa, as shown by an arrow in figure 2, but decreases with further increasing pressure. To clarify the behaviour of resistivity at higher pressures, we show in figure 3 the logarithmic scale of temperature dependence of the electrical resistivity at pressures up to 8.0 GPa, which was obtained by using the cubic anvil cell. The resistivity data at different pressures are arbitrarily shifted downwards for simplicity. The two characteristic features at T ρmax1 and T ρmax2 are found to merge at 5 GPa into a single resistivity peak at T ρmax = 50 K. This single resistivity peak at 5 GPa shifts to higher temperatures with further increasing pressure: T ρmax = 153 K at 8.0 GPa. The antiferromagnetic ordering most likely disappears at 5.5 GPa. The overall temperature dependence of the electrical resistivity around 5-6 GPa is very similar to that in a heavy fermion superconductor CeCu 2 Si 2 [15] . On the other hand, the electrical resistivity at 8.0 GPa is typically similar to that observed in a valence fluctuating compound such as CeNi, where the 4f electron is itinerant [16] . Figure 4(a) shows the pressure dependence of the Néel temperature T N . The data shown by triangles, circles and squares were obtained by using the indenter, cubic and diamond anvil cells, respectively. The data obtained by the diamond anvil cell measurement are described later. Solid lines connecting the data are guidelines. As mentioned above, the Néel temperature attains a maximum at 3 GPa, decreases rather steeply at higher pressures and becomes zero at P c 5.5 GPa. The two characteristic temperatures T ρmax1 and T ρmax2 merge into a single characteristic temperature T ρmax above 5 GPa, as shown in figure 4(b) .
Here we tried to obtain the A and ρ 0 values from the T 2 -dependence of the electrical resistivity at low temperatures, following a Fermi liquid relation, as shown in figure 5 . The resistivity data, which were obtained by using the cubic anvil cell, are arbitrarily shifted. Solid lines represent the ρ = ρ 0 + AT 2 relation. The A value, which corresponds to the slope of the solid line, becomes maximum around P c 5.5 GPa, as shown in figures 5 and 4(c). The A value at 5 GPa, 10.5 µ cm K −2 is the same as 10 µ cm K −2 in a heavy fermion superconductor CeCu 2 Si 2 with an extremely large γ value of 1.1 J K −2 mol −1 [15] . The heavy fermion state is thus formed around P c 5.5 GPa. Correspondingly, the residual resistivity ρ 0 value also becomes maximum around P c 5.5 GPa, as shown in figure 4(d) .
In order to look for possible superconductivity around P c , we measured the lowtemperature resistivity. Figure 6 shows the temperature dependence of the electrical resistivity at 6.5 GPa under several magnetic fields, which was obtained by using the diamond anvil cell. At zero field, the resistivity decreases rather slowly below 0.5 K. With increasing magnetic fields, the onset of the resistivity drop shifts to lower temperatures and vanishes at H = 2.00 T. These results indicate that the present resistivity drop is due to superconductivity. H c2 (0) 2 T is consistent with H c2 (0) = 2.0−2.4 T in CeCu 2 Si 2 [15] , together with the A value mentioned above.
We define here the superconducting transition temperature T sc as the onset of the resistivity drop, which is defined as the temperature showing a minimum of d 2 ρ/dT 2 , for example, T sc = 0.48 K at zero field, as shown by an arrow in figure 6 . Figure 7 shows the temperature dependence of the upper critical field H c2 at three pressures. The solid curves are guidelines based on the WHH theory [17] . H c2 (0) at 6.5 GPa is roughly estimated as 2.0 T, indicating a coherence length ξ = 130 Å from H c2 = φ 0 /2πξ 2 , where φ 0 is the quantum fluxoid.
We also show in figure 4 (a) the pressure dependence of the Néel temperature T N and the superconducting transition temperature T sc by squares. Superconductivity is observed in a wide pressure region from 4 to 10 GPa in the diamond anvil cell experiment. We note here that the Néel temperature shown by squares is shifted to a higher pressure by about 1 GPa compared to that shown by triangles and circles. Namely, the Néel temperature is 7.3 K at 5.3 GPa and becomes zero at 6.5 GPa in the diamond anvil cell experiment, although the Néel temperature is approximately zero at 5.5 GPa in the cubic anvil cell experiment. This might be due to the fact that pressure is inhomogeneously applied to the sample in the diamond anvil cell compared to the quasi-static pressure in the cubic anvil cell.
The inhomogeneous pressure presumably does not result in a uniform state of superconductivity in the entire sample, as noted for CeRh 2 Si 2 [18] . This is most likely the cause of the slow drop of the resistivity below T sc and a non-zero resistivity of 30 µ cm even at 80 mK under 6.5 GPa, as shown in figure 6 . Moreover, the wide superconducting pressure region from 4 to 10 GPa is also related to it. In other words, a true superconducting region might exist in a much narrower pressure region around P c in which the heavy fermion state is formed.
In conclusion, we have done the experiment of the electrical resistivity under pressure for the antiferromagnet CeNiGe 3 . The electronic states of CeNiGe 3 are thus tuned by pressure from the Kondo state with antiferromagnetic ordering to the non-magnetic state (the valence fluctuating state), crossing the heavy fermion state at a critical pressure P c 5.5 GPa. Superconductivity has been discovered around P c .
